The transition from Hadean-style convective overturn, driven by heating from below, and Phanerozoic-style plate tectonics, driven by the sinking of cool lithospheric slabs, was a major turning point in the thermal evolution of the Earth. Prior to this transition the formation of stable, long-lived crust was rare; after this transition, the formation and amalgamation of continental crust became a central theme of tectonic processes. Evidence for Phanerozoic-style plate tectonics includes (1) the formation of oceanic crust at mid-ocean ridge spreading centers, (2) the formation of island arc volcanic and plutonic complexes, and (3) the formation of accretionary mélange complexes during the subduction of oceanic crust. Rock assemblages characteristic of oceanic crust and island arc suites may also be formed during Hadean-style convection, making the recognition of accretionary mélange complexes the most reliable indicator of Phanerozoicstyle tectonics. Accretionary mélange complexes result from the juxtaposition of oceanic crust and pelagic sediments in a matrix of arc-derived constituents, and may be recognized even after high-grade metamorphic events.
Introduction
One of the central questions of plate tectonics is when the transition occurred between postmagma ocean Hadean thermal regimes, characterized by high heat flows, chaotic convection, and generalized partial melting of the mantle, and plate tectonic processes that are recognizably similar to those which occur today. This transition represents a fundamental change in the thermal structure of the planet, from one controlled by the upwelling of mantle plumes to one controlled by the sinking of cold lithospheric plates. Thermal modeling (e.g., Zhong et al, 2000; Bercovici, 2003) shows that convective heat transfer driven by heating from below results in hot material rising in columns, which is thought to be the dominant mode of Hadean heat transfer (figure 1). In contrast, Phanerozoic-style plate tectonics is driven by the gravitational sinking of cool, dense lithospheric plates (Carlson, 1981; Hager and O'Connell, 1981; Jurdy and Stefanick, 1991; Anderson, 2001 ).
The onset of Phanerozoic-style plate tectonics may be marked by the preservation of one or more distinct assemblages: (1) oceanic crust, as represented by ophiolite assemblages or by eclogites that represent subducted oceanic crust, (2) island arc volcanic or plutonic series, or (3) accretionary complexes that contain fragments of oceanic crust and lithosphere in a greywacke or serpentinite matrix mélange. Each of these associations may be preserved in Archean crustal assemblages, but not all are equally diagnostic.
The correlation of greenstone belts with oceanic crust requires that the observed stratigraphic sequences represent thin slices of crust ± mantle lithosphere that are repeated by thrust faulting and stacked onto felsic continental crust (e.g., de Wit et al, 1992; de Wit, 1998 de Wit, , 2004 Kusky & Pollat, 1999; Hofmann and Kusky, 2004) . Evidence for such thin-skin tectonics is controversial in most greenstone belts, and many detailed studies still support autochthonous relations (e.g., intra-continental rifts or ensialic back-arc basins: Lowe, 1994; Bickle et al, 1994; Corcoran and Dostal, 2001; Prendergast, 2004; Mueller et al., 2005) . Oceanic crust may also be preserved as eclogite xenoliths brought to the surface by kimberlites or other alkaline lamprophyres. Eclogite xenoliths with chemical and isotopic signatures that require formation and alteration as oceanic crust are well-established (e.g., MacGregor and Manton, 1986; Shervais et al, 1988; Neal and Taylor, 1990; Shirey et al., 2001 ), but similar oceanic crust could form during Hadean-style thermal convection and may not be evidence for Phanerozoic-style plate tectonics.
Archean tonalite-trondhjemite-granodiorite (TTG) gneiss complexes have been correlated with island arc plutonic series formed by slab melting (Drummond and Defant, 1990; Rapp et al., 2003) , and it has been proposed that Archean greenstone belts may represent essentially coeval island arc volcanism (e.g., Parman et al., 2001 Polat and Kerrich, 2001 . The progression within greenstone belts from ultramafic and mafic volcanism, to more felsic, dacitic and rhyolitic volcanism is now well established and correlates well with current knowledge of island arc suites from the western Pacific (e.g., Hawkins et al, 1984) . High-resolution single crystal zircon dating of ash beds intercalated with the greenstone lavas, and comparable dates for TTG gneiss complexes, show that the TTG suites are generally coeval to slightly younger than the greenstone belts, suggesting a related or consanguineous relationship (e.g., Kröner and Todt, 1988; Kröner et al., 1991; Armstrong et al., 1990; Kamo and Davis, 1994) . In each craton, however, there seems to be a nucleus of older granitic gneiss that pre-dates the adjacent greenstones (Ridley et al., 1997) .
These correlations are not universally accepted, however (e.g., Arndt et al., 1997a Arndt et al., , 1998 Arndt, 2004; Hamilton, 1998) , and it is possible for both greenstone belts and TTG suites to form during Hadean convective overturn, prior to the onset of Phanerozoic-style asymmetric subduction. As seen in figure 1, even during thermal convection driven by heating from below, the sinking of previously created protocrust along symetric zones of convergence is required.
Remelting of this protocrust as it sinks back into the mantle would generate melts similar to the TTG suite, so formation in an island arc setting is not required.
In contrast, subduction zone accretionary complexes are clearly the result of plate tectonic processes that mimic those we see today and may represent the our best evidence for modernstyle, asymmetric subduction of lithospheric plates (Kusky and Polat, 1999; Shervais, 2004) . In the following sections I develop this thesis in some detail. But first we need to examine Archean stratigraphy and the implications of thermal modeling for Hadean and early Archean tectonics.
Archean Stratigraphy
The application of plate tectonic models to the Archean has become more common in recent years, although the correlations are not exact (e.g., de Wit et al, 1992; de Wit, 1998 de Wit, , 2004 Kusky & Pollat, 1999; Dirks & Jelsma, 1998; Connelly & Ryan, 1996; Calvert & Ludden, 1999) . Much of this debate hinges on the stratigraphy of Archean greenstone belts, their internal structure, and their relationship to the surrounding TTG gneisses.
The oldest intact rock sequences on Earth have been dated at around 3.6-4.03 Ga (DeRonde et al., 1994; Nutman et al., 1993 Nutman et al., , 1997 Nutman et al., , 2004 Kusky, 1998; Bowring et al, 1990; Bowring and Williams, 1999) -slightly older than the end of the terminal impact cataclysm on the moon at 3.85 Ga (Ryder, 2000) . Oxygen isotope analyses and SHRIMP dating of detrital zircons from the Jack Hills and Mt Narryer meta-quartzites imply that felsic crust reacted with liquid water as early as 4.3 Ga to 4.4 Ga (Wilde et al., 2001; Mojzsis et al., 2001; ). This interpretation is tempered by the occurrence of zircons with similar ages in lunar regolith that are clearly not derived from terrestrial-style continental crust (Meyer et al., 1996) . Archean TTG suites are compositionally similar to hydrous melts of subducted eclogites (Drummond and Defant, 1990; Ridley et al., 1997; Barth et al, 2002; Rapp et al., 2003) . However, questions still arise about the processes that formed this felsic crust: was Phanerozoic-style plate tectonics involved, or did they form by complex processes related to rising mantle plumes or sinking of eclogitic protocrust (Zegers and van Keken, 2001 )?
The stratigraphy of older Archean terranes is subject to some controversy. In the classic view, greenstone belts, comprising refractory mafic and ultramafic lava flows and tuffs intercalated with more felsic lavas and shallow marine sedimentary sequences, are deposited unconformably on top of pre-existing felsic gneiss complexes (e.g., Kröner, 1985; Bickle and Nisbet, 1993; Bickle et al., 1994; Nisbet and Fowler, 2004; Prendergast, 2004) . More recent work suggests two alternatives. The first proposes that greenstone belts represent oceanic crust that was thrust over the TTG gneiss complexes during continental collision events (e.g., Kusky and Kidd, 1992; Kusky, 1998; de Wit, 1998; Kerrich, 2001, 2002) .
These workers interpret TTG assemblages as the product of subduction zone magmatism and the greenstone belts as products of back-arc basin or oceanic plume volcanism. The second alternative proposes that greenstone belts are everywhere slightly older than the TTG suites that intrude them, and that both the greenstone belts and their approximately coeval, intrusive TTG suites formed in the same supra-subduction zone setting (Drummond and Defant, 1990; Grove et al., 1999; Parman et al, 2001 Corcoran et al., 2001 ).
Clear evidence for plate tectonic processes typically focuses on finding rock associations that resemble modern oceanic crust or ophiolites, or evidence for their subducted remains. Ophiolites are relatively common in the Neoproterozoic (e.g., Stern et al., 2004) , but although many greenstone belts have assemblages that have been interpreted as ophiolites, true ophiolite assemblages are rare in the Proterozoic (e.g., 1.95 Ga Jormua ophiolite, Finland: Kontinen, 1987, Peltonen and Kontinen, 2004; 1.73 Ga Payson ophiolite, Arizona: Dann, 1991 Shchipansky et al., 2004; 3.0 Ga Olondo greenstone belt, Tuva: Puchtel, 2004 ). Other greenstone belts seem not to represent ophiolites: e.g., several terranes of the 2.7 Ga Slave craton (primitive island arc, back-arc basin, and rifted margin terranes: Corcoran et al, 2004; Corcoran and Dostal, 2001; Mueller et al, 2005) and the 3.4 Ga Jamestown "ophiolite" of the Barberton greenstone belt (de Wit et al., 1987) where the sheeted dikes are ≈100 million years younger than the volcanic rocks they intrude (Kamo and Davis, 1994) .
It is now recognized, however, that most Phanerozoic ophiolites do not represent true oceanic crust formed at mid-ocean ridge spreading centers. Structurally intact Phanerozoic ophiolites form above nascent or reconfigured subduction zones in response to sinking of the subducting slab and extension of the overlying fore-arc, and are commonly associated with boninite suite volcanism (e.g., Pearce et al., 1984; Shervais and Kimbrough, 1985; Robinson and Malpas, 1990; Stern and Bloomer, 1992; Pearce, 2002; Shervais, 1990 Shervais, , 2001 Shervais et al., 2004) . Thus, while ophiolites may be indicative of Phanerozoic-style plate tectonics, they cannot be correlated with the formation of oceanic crust at mid-ocean ridges. True oceanic crust formed at mid-ocean ridge spreading centers is almost invariably destroyed during subduction, although fragments of such crust may be preserved in accretionary complexes (Shervais and Kimbrough, 1987; MacPherson et al., 1990) or recycled as eclogites (Shervais et al., 1988; Helmsteadt and Schulze, 1989) . The occurrence of boninitic lavas in several late Archean to early Proterozoic terranes, however, suggests that similar supra-subduction zone processes were active by circa 2.8 Ga (Polat and Kerrich, 2004; Shchipansky et al 2004) .
Ancient subduction processes may be inferred from eclogite xenoliths with gabbroic or basaltic protoliths and isotopic compositions that reflect ancient seawater alteration (e.g., MacGregor and Manton, 1986; Shervais et al, 1988; Shirey et al., 2001) . The chemical and isotopic compositions of these eclogites demonstrate a supracrustal origin as oceanic crust, while their current mineralogy demonstrates that they have been subject to burial deep within the upper mantle. The question remains, however, whether this deep recycling into the mantle occurred in response to Phanerozoic-style asymmetric subduction, or during Hadean-style symmetric convergence and subduction, as discussed in the following section.
Hadean and Archean (?) crustal processes
The processes that controlled crustal formation during the Hadean (pre-3.8 Ga; Cloud, 1972) and the Archean (≈3.8 to 2.5 Ga) remain an area of active debate. It is now generally acknowledged that the earliest Hadean was characterized by core formation and partial melting of the outer mantle (Walter and Trønnes, 2004) . The terrestrial magma ocean phase (like the corresponding lunar magma ocean) was probably short-lived and frozen by ≈4.44 Ga -a period we can refer to informally as the Tartarean, after Tartarus (ταρταροω), in Greek mythology the level below Hades where the Titans were held captive. After the Tartarean magma ocean phase, heat flow would have remained high throughout the Hadean and much of the Archean, driving vigorous thermal convection of the mantle by heating from below and forming a large number of small crustal plates (Bickle, 1978; Campbell and Jarvis, 1984; Pollack, 1997) . In the following section we examine the implications of this process for Hadean and early Archean tectonics.
Thermal Convection Driven From Below
Physical and numerical models of thermal convection are characterized by plume-like upwellings that bring heat to the surface Bercovici, 2003) . These thermal plumes are consistent with models for Archean komatiite formation that suggest oceanic plateaux as modern analogues (Desrochers et al, 1993; Arndt, 2004; Arndt et al, 1997a,b; , since these features are thought to represent plume volcanism in an intra-oceanic setting (Richards, et al., 1989; Campbell et al., 1990; Hill, 1990) . If the melting that forms komatiites occurs under dry conditions, mantle potential temperatures of ≈1500º to 1700º C are implied -hotter than modern plume heads, and consistent with an Archean mantle that was hotter than today's, thermally buoyant, and actively convecting (Nisbet et al., 1993; Nisbet and Fowler, 2004) .
In contrast, these same physical and numerical models of thermal convection are characterized by the sinking of cooler lithospheric plates along vertical zones of convergence, with material from both sides of the convergence zone sinking back into the hot asthenosphere symmetrically ( figure 1) . Modern, asymmetric convergence, which is driven by the sinking of cold lithospheric plates, is not observed Bercovici, 2003) , and may not have occurred in the Hadean or early Archean.
A speculative model for the formation of greenstone belts at the sites of plume-like upwellings from the mantle, and their preservation at zones of convergence, along with TTG suite granitoids formed by partial melting of the sinking mafic crust, is shown in figure 2 . This model is based on the pure thermal convection model presented in figure 1 , with hot plumes rising from the core-mantle boundary and melting to form a proto-oceanic crust that is thicker than modern oceanic crust, and resembles oceanic plateau crust (e.g., Arndt et al., 1997a) . Consistent with the numerical modeling shown in figure 1 , sinking of this proto-oceanic crust at zones of convergence is essentially vertical and symmetrical along convection cell walls (figure 2).
This model has some interesting implications. First, geometric constraints require that the thick proto-oceanic plateau formed above the rising plume must spread laterally as it moves radially away from the rising plume, in order to preserve crustal volume as the surface area increases (figure 2). This spreading will be viscous in the lower crust and brittle in the uppermost crust, where normal faulting should be common. As a result, the preserved crustal thickness should be much thinner than the primary thickness of the plateau (<15% of the original thickness for spreading over two radii of the original plateau). Second, convergence at triple junctions where three cells meet will focus this radial flow back into a single descending "anti-plume"; converging proto-oceanic crust may tend to be preserved here, especially if the position of this triple-junction is unstable ( figure 2 ). This will preserve the proto-oceanic crust (greenstone belts?) as small, deltoidal blocks, sitting above the triple junction and subject to compressive stress during convergence. Proto-oceanic crust that does sink (i.e., most of it) will be strongly deformed by this convergence and partially melt to form TTG suite magmas that will rise and intrude the overlying greenstone belt. The residue of this melting will be eclogite similar to that formed by subduction processes today.
The implication of this thermal convection model is that even though mafic crust resembling modern oceanic crust, or oceanic plateaux, may have formed, there is no assurance that this crust was destroyed along Phanerozoic-style, asymmetrical subduction zones. Sinking of mafic and ultramafic crust along vertical convergence zones would still recycle crustal material back into the mantle, preserving the chemical and isotopic traces of this process, and preserving remnants of this mafic crust as eclogite. So evidence for the existence and recycling of oceanic-like crust does not conclusively show that modern style plate tectonics was operative.
The preservation of oceanic crust at symmetrical convergence zones is likely to involve significant deformation and thrusting, forming schüppenzones of imbricate thrust slices of oceanic crust that stack older crust onto younger. These thrust complexes would not resemble modern accretionary complexes, however, because there would be no emergent volcanic arc to provide the sediments that dominate modern complexes.
Convection Driven by Sinking Slabs
In contrast, it has been known for some time that Phanerozoic-style plate tectonics is driven by the sinking of cool, dense lithospheric plates, with a small component of push as the plates slide off of the uplifted oceanic ridge system -all under the influence of gravity (Carlson, 1981; Hager and O'Connell, 1981; Jurdy and Stefanick, 1991; Anderson, 2001) . Oceanic spreading ridges form by the passive up-welling of asthenosphere into the breach created by plate motion, and their only contribution to plate motion is the relief created by the thermal buoyancy of the asthenosphere, which drives the "ridge push" component of plate motion (op. cit.). Oceanic crust formed by this process is thinner than crust created by thermal plumes, but it does not thin by lateral spreading. Island arcs form by hydrous melting of the mantle wedge that forms above the sinking slab.
It has been proposed that komatiites formed by hydrous melting in Archean subduction zones, much like boninites in modern arc settings (Grove et al, 1999; Parman et al., 2001 . This proposal is supported by stratigraphy of Archean greenstone belts, which are dominated by more evolved lavas (basalts, andesites, dacites, rhyolites) and tuffs (commonly silicified to cherts: Lowe, 1994 ) that resemble primitive arc assemblages in the western Pacific (e.g., Hawkins et al., 1984) . Similarly, TTG associations, which dominate the felsic gneiss terranes of Archean cratons, have been correlated with adakitic suites in modern arc terranes, formed by the melting of down-going oceanic crust (Drummond and Defant, 1990; Polat & Kerrich, 2001 . If correct, these models imply that Archean mantle may not have been superheated significantly compared to modern plumes (e.g., Valley et al., 2002) . However, komatiites lack negative Nb anomalies and other trace element characteristics of modern arc lavas, so a subduction zone origin is far from clear (e.g., Storey et al., 1991; Arndt, 2004) .
Plate Tectonics and Accretionary Processes
One reliable indicator of Phanerozoic-style plate tectonics is the occurrence of an accretionary prism that includes sediments eroded from the upper, arc-volcanic plate, and oceanic crust (mafic volcanic rocks, ultramafic tectonites, and abyssal sediments) from the lower plate (figure 3).
Such a prism is the clear result of asymmetric subduction, with one plate subducting beneath another, more buoyant plate; subsequent ridge subduction may also be important in modifying the primary assemblage . In the following discussion we examine first the type example of a Phanerozoic accretionary complex, followed by a welldocumented example of a similar rock assemblage overprinted by a major collisional orogeny.
Finally, we examine several examples of potential Archean accretionary complexes and their correlation to these well-documented Phanerozoic examples.
It should be noted that not all convergent margins are accretionary. Non-accreting margins (von Huene and Scholl, 1991) are characterized by subduction erosion that exposes fore-arc basement in the hanging wall of the trench. These margins are typically sediment-starved because there are few emergent volcanoes (intra-oceanic arcs) or because rivers carry most of the sediment into the back-arc region (continental arcs); what sediment does enter the trench is largely subducted (von Huene and Scholl, 1991) . The Mariana-Bonin arc is the type example of a non-accreting intra-oceanic margin, while the Andean arc is the best example of a nonaccreting continental arc margin.
Phanerozoic Accretionary Complexes
Phanerozoic accretionary complexes include those that are currently active and fossil systems that are both well-preserved and well-exposed. Currently or recently active systems include the Aleutian trench system (Fruehn et al., 1999) , the Java-Sumatra trench system (Hamilton, 1979; Moore and Karig, 1980) , the Antilles fore-arc , off-shore exposures of the Makran (Kukowski et al, 2001 ) and the Mariana fore-arc (Fryer et al., 2000) . Fossil systems include the Lichi mélange in Taiwan (Page and Suppe, 1981) , the Chugach-Kodiac mélange in Alaska (Byrne, 1985; Kusky et al., 1997a,b; , on-shore exposures of the Makran (Platt et al., 1985) , and the Franciscan complex of California Cowan, 1978) .
The Franciscan complex of California is the classic example of an accretionary complex formed during the subduction of oceanic lithosphere beneath an active arc terrane Hsü, 1968; Ernst, 1993; Wakabayashi, 1999) . It encompasses most of the Coast Ranges of central and northern California, cropping out over an area some 700 km long and up to 200 km wide east of the San Andreas fault; it also crops out over a small area west of the Sur-Nacimiento fault (figure 3). The Franciscan complex consists of three tectonic belts, each with its own distinct character and lithologies: the Eastern belt, the Central belt, and the Coastal belt . The distribution of these belts is shown in figure 3 , and their relationships in northern California are shown in cross-section in figure 4.
The Eastern belt comprises coherent sheets of blueschist-facies greywacke and basalt up to hundreds of meters thick transposed along low-angle thrust faults, as well as exotic blocks in a chaotic mélange with a meta-greywacke matrix Ernst, 1993; Blake & Jones, 1974; Blake & Wentworth, 1999) . Eastern belt metasediments have early to mid-Cretaceous depositional ages with mid-to late Cretaceous metamorphic ages . This entire assemblage is juxtaposed structurally below the mid-Jurassic Coast Range ophiolite and its cover of fore-arc sedimentary rocks Blake and Jones, 1974; Shervais, 2001; Shervais et al., 2004 ).
The Coastal belt, which lies outboard of the Central and Eastern belts, comprises a schüppenzone of thin, west-verging thrust slices that generally young to the west . The easternmost thrust slice (Yager terrane) consists of coherent greywacke strata; more westerly terranes are partially to largely disrupted (broken formations) of arkose, mudstone, conglomerate and, in the Point Delgado subterrane, basaltic pillow lava and diabase . The Coastal belt ranges in age from mid-Cretaceous to Miocene (in the King Range terrane; McLaughlin et al., 1982) . This belt, which represents the youngest part of the accretionary complex, is characterized by modes that are richer in K-feldspar than older greywackes of the complex, reflecting the unroofing of plutonic rocks in the eastern Sierra arc terrane .
The Franciscan central belt forms the classic mélange terrane that is commonly associated with the Franciscan accretionary complex. The central belt contains blocks and knockers of greywacke, greenstone, serpentinite, chert, limestone, blueschist, eclogite, and garnet amphibolite Blake & Jones, 1974; Blake & Wentworth, 1999) , as well as large tracts of arkosic wackes interpreted as slope basin deposits (Becker & Cloos, 1985) . The mélange matrix is a finely comminuted micro-greywacke siltstone/shale that has been strongly sheared to produce the classic argille scagliose texture (Hsü, 1966; Blake & Jones, 1974) .
Detailed studies of the mélange matrix show that sedimentary processes (olistostromes) are important in some shale-matrix mélanges (Cowan, 1978 (Cowan, , 1985 , in addition to tectonic disruption by ductile flow (Cloos, 1982) .
Serpentinite matrix mélange, which may represent accreted fracture zones, is less common but may represent the primary transport medium for high-grade blocks Coleman, 2000; Hopson and Pessagno, 2005) . Serpentinite mélange includes serpentinite broken formation (which consists of massive blocks of serpentinized peridotite enclosed in matrix of serpentinite schist) as well as true mélange, which consists of exotic blocks of high-grade metamorphic rocks (figure 5a, 5b) or greenstone/chert (figure 5c, 5d) in a serpentinite schist matrix (Huot and Maury, 2002; Shervais et al., 2005; Hopson and Pessagno, 2005) .
High-grade metamorphic blocks include blueschist, eclogite, amphibolite, and garnet amphibolite Moore and Blake, 1989; Moore, 1984) . Many of these blocks are polymetamorphic and preserve evidence of an early high-T, medium pressure assemblage (amphibolite, garnet amphibolite) overprinted by eclogite or blueschist facies assemblages (e.g., Moore and Blake, 1989) . These blocks commonly preserve a rind of lower grade minerals (actinolite, chlorite) with compositions that suggest equilibrium with serpentinite, even when found in shale matrix mélange, implying primary exhumation in serpentinite mélange before being remixed into shale matrix mélange. The rinds are typically polished, striated, and gouged, showing that the blocks formed rigid inclusions within a viscous matrix. Though rare, these high-grade blocks clearly document tectonic mixing of exotic components into matrix components that formed at much lower temperatures and pressures.
The most common tectonic block in most shale-matrix mélange is greywacke. In a few examples, this greywacke sits depositionally on chert-basalt, but more commonly it occurs alone in large, slab-like knockers. These blocks represent either less disrupted material that was parental to the matrix, or in some cases, slope basin deposits that were deposited on a previously deformed substrate (Cowan, 1978; Becker and Cloos, 1985) .
Chert and greenstone are both common knocker lithologies in the Franciscan assemblage.
Chert knockers are typically slab-like due to their bedding, while the greenstones may include pillow lava, sheet flows, hyaloclastites, or diabase sill complexes (figure 5e, 5f). One of the more common knocker assemblages are composite chert-greenstone blocks (figure 5c, 5d). These blocks consist of banded cherts sitting depositionally on pillowed or massive submarine lavas, or intruded by sills of oceanic basalt (e.g., Murchey, 1984; Shervais & Kimbrough, 1987; Huot and Maury, 2002) . Banded cherts may form decameter-scale lenses intruded by diabase sills (e.g., Aliso Canyon: Shervais and Kimbrough, 1987) or extensive terranes of chert + basalt stacked along thrust faults (e.g., Marin Headlands: Murchey, 1984; Karl, 1984) . In parts of the Franciscan composite basalt-chert blocks are stacked in thin thrust sheets (Isozaki and Blake, 1994) ; similar relations are found in the Japanese accretionary complex (Isozaki et al, 1990 , Isozaki, 1997 .
Accretionary complexes may be intruded by igneous rocks during ridge collision/subduction events, further complicating their interpretation. This is clearly seen in south-central Alaska, where ridge subduction occurred in the Paleogene (Bradley et al., 2003; Kusky et al., 2003 , and in the Franciscan complex in response to migration of the Farallon triple junction (Johnson and O'Neil, 1984; Cole and Basu, 1995) . Some felsic magmas are derived by direct melting of the hot subducting slab to form adakites (Sr-rich granites that resemble the Archean TTG suite: Drummond and Defant, 1990) , but include basalt, trachybasalt, andesite, dacite, and rhyolites (Johnson and O'Neil, 1984; Cole and Basu, 1995) .
Effects of Collisional Metamorphism on Accretionary Complexes
What would this assemblage look like if it was metamorphosed to upper amphibolite facies conditions during a continent-continent or arc-continent collision? We have a good model for this process in the Eastern Blue Ridge province of the southern Appalachians, which is separated from the Western Blue Ridge by the Haysville-Fries fault system (Williams and Hatcher, 1983; Adams et al, 1995) . The Eastern Blue Ridge province is distinct from amphibolite to granulite facies gneisses of the Western Blue Ridge province (which reflect Grenville-age metamorphism), and more closely resembles rocks of the Inner Piedmont terrane in western South Carolina (Williams and Hatcher, 1983) ; together, the Eastern Blue Ridge province and the Inner Piedmont belt comprise the Jefferson terrane. The Jefferson terrane forms part of the infrastructure of the Alleghenian orogeny, which represents collision of the passive eastern margin of Laurentia with exotic arc terranes and the cratonic margin of Gondwana (Secor et al., 1986; Adams et al, 1995; Adams and Trupe, 1997; Shervais et al., 2003; Dennis et al., 2000 Dennis et al., , 2004 .
The Jefferson terrane consists of biotite-quartz-feldspar gneisses, migmatitic in part, with extensive zones of pegmatite intrusion. Within this groundmass of paragneiss are blocks and slabs of exotic lithologies, including amphibolite, garnet amphibolite, anthophyllite dunite, and eclogite (Ash metamorphic suite, Alligator Back formation; Adams et al, 1995; Adams and Trupe, 1997) . Two aspects of this terrane support its origin within an accretionary complex. First is the characteristic association of "oceanic" lithologies (metabasalts, metaserpentinites) within paragneisses derived from immature clastic sediments. In particular, the volumetric dominance of the paragneiss and the irregular distribution of the mafic and ultramafic rocks as blocks and slabs within these paragneisses recalls the distribution of exotic blocks in the Franciscan mélange. Second, the occurrence of large slabs of metabasalt with relict eclogite assemblages is consistent with a subduction zone origin, despite later over printing by amphibolite facies assemblages and retrogression of the primary eclogite phase assemblage (e.g., Willard and Adams, 1994) . These slabs resemble garnet amphibolite in field but preserve relict eclogite assemblages (garnet-omphacite) in the midst of hornblende-rich over-printing. Whole rock geochemical and data paleo P-T work show that these eclogites represent oceanic crust (MORB) that was metamorphosed under high pressure-low temperature conditions in a subduction zone long before continental collision (Willard & Adams, 1994; Adams et al, 1995) .
Eclogite and high pressure granulite facies rocks in the central Carolina terrane represent MORB dikes emplaced into the basement of the Carolina arc terrane, where they were subject to high-pressure, medium-temperature metamorphism during an arc-arc collision (Dennis et al., 2000 (Dennis et al., , 2004 Shervais et al., 2003) . These rocks are not strictly analogous to the Blue Ridge eclogites, but did suffer a similar amphibolite facies retrograde overprint during a collisional orogeny similar to the Alleghenian (Shervais et al., 2003) . In the Carolina eclogites, garnet preserves extreme zoning that can be mapped chemically with the microprobe to establish which garnet composition was in equilibrium with which assemblage. Sodic pyroxene (omphacite) has been completely replaced by diopside-albite symplectites that reflect increased temperature and lowered pressure during thermal equilibration of the subducted lithosphere (Shervais et al., 2003) . These diopside-albite symplectites are characteristic of retrograde eclogite assemblages, and can be recombined using image analysis techniques to recover the composition of the primary omphacite. The resulting compositions can be used to calculate the pressure-temperature history of the former eclogites, despite amphibolite and even granulite facies overprints (Shervais et al., 2003) .
Archean Accretionary Complexes
Recognition of Archean accretionary complexes is complicated by the protracted history of metamorphism and tectonism that commonly characterizes rock assemblages formed on active plate boundaries (e.g., Kusky and Polat, 1999) . These rocks are more likely to be overprinted by both high pressure and high temperature metamorphic events than rocks formed in continental interiors, or even arc volcanic suites formed above the same subduction zone (being on the upper plate, volcanic arcs rarely subduct and are commonly preserved even in major continental collision zones; e.g., the Kohistan-Ladakh arc terrane in the western Himalaya: Shah and Shervais, 1999) . None-the-less, by recognizing the effects of these later tectonic and metamorphic events, it is possible to interpret the original history of these rock assemblages in terms of modern plate theory.
Possibly our best evidence for Archean plate tectonics at this time is found in three potential accretionary mélange complexes: the 2.5 Ga Dongwanzi ophiolite mélange in the north China craton (Kusky et al., 2001 (Kusky et al., , 2004b Li et al., 2002) , the 2.7 Ga Schreiber-Hemlo greenstone belt in the Superior province of Canada (Polat et al., 1998; , and the 2.6 Ga Farmington Canyon complex in north central Utah (Shervais, 2004) . The 3.8 Ga Isua Supergroup of Greenland (Komiya et al., 1999 (Komiya et al., , 2004 may provide a fourth example that is significantly older, but its interpretation as an accretionary complex has been disputed (Myers, 2001 (Myers, , 2004 .
Dongwanzi ophiolite mélange
The Dongwanzi ophiolite mélange crops out in the Zunhua structural belt, a continuation of the late Archean Central orogenic belt of the North China craton (Li et al., 2000) . This late Archean mobile belt consists of gneiss, greenstone belts, and mafic/ultramafic complexes that represent in part an ophiolitic mélange (Kusky et al., 2001 (Kusky et al., , 2004b Li et al., 2002; Huson et al., 2004; Huang et al., 2004) . The mélange resembles the Eastern Blue Ridge province in many respects, consisting of mafic-ultramafic plutonic rocks (cumulates and harzburgite tectonites with podiform chromite), dike complex, pillow lava, and banded iron formations (≈ chert) in a mélange matrix of foliated and sheared biotite gneiss (Li et al., 2000 (Li et al., , 2002 Kusky et al., 2001; 2004b) . More than 1000 ultramafic boudins have been recognized in the Zunhua belt (Li et al., 2002; Kusky et al., 2004b) , an association that is difficult to reconcile with the biotite gneiss country rock except as blocks in mélange.
Within or adjacent to this mélange is the Dongwanzi ophiolite, the best example to date of a true Archean ophiolite (Kusky et al., 2001; 2004b) . This ophiolite fragment is ≈ 50 km long and 10 km wide. It is located near the eastern margin of the Zunhua structural belt, along the leading edge of the orogen (Kusky et al. 2001) . To the west are found greenstones and TTG rocks that may represent the associated volcanic arc complex, along with retrograde eclogites and highpressure granulites of the Hengshan belt (Li et al., 2002) . The Dongwanzi ophiolite mélange is interpreted as an accretionary prism formed along an active continental margin that was subsequently trapped during collision of the western and eastern blocks of the North China craton and metamorphosed to amphibolite facies.
Schreiber-Hemlo greenstone belt
The late Archean (≈2670-2750 Ma) Schreiber-Hemlo greenstone belt of the Superior province crops out along the north shore of Lake Superior in southern Ontario, Canada, over an area about 90 km long and 10-20 km wide (Polat et al., 1998 . Metamorphic grade ranges from lower greenschist in the western (Schreiber) area to lower amphibolite in the eastern (Hemlo) region (Pan and Fleet, 1993) . Volcanic rocks include oceanic plateaux assemblages (tholeiitic basalts, komatiites) and oceanic island arc assemblages (basalts, andesites, dacites with arc tholeiite or calc-alkaline compositions). Sedimentary rocks are siliciclastic turbidites interpreted as trench deposits (Polat et al., 1998; . All of these rock assemblages have been intruded by arc-derived tonalite-trondhjemite-granodiorite plutons that are only slightly younger than the host rocks.
As described by Polat and co-workers (Polat et al., 1998; , the oceanic plateau basalts, island arc volcanics, and siliciclastic trench turbidites were tectonically juxtaposed before and during intrusion of the TTG suite. All of the subductionrelated igneous and sedimentary rocks are characterized by LREE-enrichment and by distinct negative Ti, Zr, and Nb anomalies on primitive-mantle normalized spider diagrams, whereas the oceanic plateau basalts have relatively flat REE patterns and lack negative anomalies in the primitive-mantle normalized high-field strength element (Polat et al., 1998; .
For the most part these distinct assemblages appear to form a schüppenzone of large, km-scale fault-bounded blocks, with little mixing between adjacent regimes. Locally, blocks of material exotic to the surrounding matrix are recognized, including arc rhyolites in a matrix of sheared ocean plateau tholeiite, and blocks of gabbro, tonalite, and volcanic rock in a matrix of sheared and foliated shale or wacke (Polat et al., 1998; . In some cases these rocks may represent boudinaged dikes and not true exotic mélange blocks; in others their exotic nature seems more clear. Native blocks are also recognized, including komatiite, gabbro, or chert in sheared ocean plateau tholeiite, forming a broken formation. Exotic and native blocks range in size from a few meters to decameters.
Polat and co-workers (Polat et al., 1998 interpret these relationships to represent formation (and deformation) within an accretionary complex in a convergent margin, subduction zone setting. They recognize that much of the deformation observed probably formed along the contacts of adjacent thrust sheets, and by the progressive layer-parallel extension of more rigid horizons with the sheared matrix.
Despite the apparent occurrence of both mélange and broken formation, there are some significant differences between the Schrieber-Hemlo greenstone belt and Phanerozoic accretionary complexes. The primary difference is the predominance of arc-derived igneous lithologies: modern accretionary complexes are dominated by siliciclastic sediments derived by erosion from the adjacent island arc, but tectonic blocks of arc volcanic or plutonic rocks are rare to non-existent MacPherson et al., 1990; Shervais and Kimbrough, 1987; etc) . Igneous rocks within Phanerozoic accretionary complexes are almost all derived from the subducting oceanic plate, along with blocks of chert and limestone that are exotic to the trench depositional setting. Another difference is the dominance of large, fault-bounded blocks of volcanic and plutonic rocks derived from the subducting ocean crust as well as from the arc: in modern accretionary complexes these rocks are subordinate to the more common shale or greywacke matrix. Large basalt-chert terranes may occur (e.g., Marin Headlands terrane, California) but these are relatively rare. Since many komatiite sequences are now interpreted as primitive arc volcanics, it seems possible that rather than an accretionary complex, the SchreiberHemlo greenstone belt may represent an island arc terrane deformed during a continent-continent collision, comparable to Kohistan arc terrane in northern Pakistan (Coward et al, 1982; Shah and Shervais, 1999) . Alternatively, it may represent a non-accreting convergent margin similar to the Mariana-Bonin fore-arc, which exposes older arc basement in the hanging wall of the trench (Hawkins et al., 1984) .
The Farmington Canyon complex
The late Archean (≈2.6 Ga) Farmington Canyon complex of northern Utah, which lies on the southwestern margin of the Wyoming province, has been interpreted to represent a passive margin sedimentary wedge that was metamorphosed to amphibolite facies conditions in the middle Proterozoic (Bryant 1988a,b; Nelson et al., 2002) . The Archean age of this complex (≈2.6 to possibly 3.0 Ga) is based on inheritance in zircon U/Pb systematics, old Nd model ages, and high Sr initials in orthogneiss (Hedge et al., 1983) . The complex was intruded by granitic gneiss and metamorphosed circa 1.8 Ga (Hedge et al., 1983) . Nelson et al. (2002) date the complex at circa 1800 Ma using the monazite Th-Pb microprobe technique; they suggest the older ages may reflect the age of the sediment provenance, and not its formation age. However, the monazite ages are coincident with the metamorphism and granite intrusion dated by Hedge et al. (1983) and may simply reflect mid-Proterozoic metamorphism.
The southern Farmington Canyon complex consists largely of migmatitic quartzo-feldspathic gneiss (figure 6a) containing isolated blocks and slabs of (1) mafic metavolcanics (amphibolite, pyroxene amphibolite, garnet amphibolite), (2) ultramafic metavolcanics (now serpentine-anthophyllite), and (3) quartzite. The migmatitic gneiss has a chemical composition similar to greywacke (Bryant, 1988a,b) , consistent with its formation from a Franciscan-style greywacke mélange matrix. There is some variability in its appearance, and some areas may represent coherent slope basin deposits of more arkosic wackes, analogous to the Cambria slab in the Franciscan complex. The gneisses and amphibolites are strongly deformed and may be mylonitic in places; these rocks are cross-cut by undeformed granite pegmatites with sharp discordant contacts that represent much younger anorogenic melts (Shervais, 2004) .
Quartzite in the southern Farmington Canyon complex may represent meta-chert rather than an epiclastic quartzite (Shervais, 2004) . These quartzites lack clastic sedimentary structures and bedding is suggested by color variations and micaceous horizons (commonly the Cr-mica fuchsite) that mimic bedding features in chert (figures 6b, 6cc). A banded chert protolith is suggested for some outcrops based on the intercalation of quartzite beds 5-20 cm thick with schist layers 1-2 cm thick (figure 6b). Chert and amphibolite typically occur in the same block (figure 6d), suggesting an oceanic crust sediment-basement contact, or sills that intrude oceanic sediments off-axis (e.g., Shervais and Kimbrough, 1987; figure 5c, d) .
Amphibolite lenses in the Farmington Canyon complex range up to 200 m long and 50 m wide, similar in size to volcanic blocks in the Franciscan assemblage (e.g., Bailey et al., 1964) .
Mineral assemblages include plagioclase and hornblende, ±clinopyroxene, garnet, and quartz.
Garnet porphyroblasts up to 4 cm across in amphibolite are commonly mantled by a lowpressure, high-temperature symplectite of plagioclase and hornblende (±pyroxene) that implies a clock-wise P-T-t path (figure 6e). The common association of amphibolites with "quartzite" (meta-chert) in composite bodies that suggest the basalt-chert assemblage in the Franciscan complex (figure photo).
Ultramafic lenses in the Farmington Canyon complex consist of serpentine, pyroxenes, anthophyllite, and other mafic minerals, and are commonly associated with amphibolite or hornblende-plagioclase gneiss and quartzite (Yonkee et al., 2000) . The largest lenses, up to 80 m x 20 m, sit in a matrix of felsic layered gneiss in contact with lenses of meta-chert (figure 6f).
The association of ultramafic rocks with meta-chert implies that the ultramafics represent metavolcanic assemblages (e.g., komatiite) rather than the mantle tectonites which are common in the Franciscan complex.
The combination of old Nd model ages and Archean inherited zircon components implies that this accretionary complex formed on the SW margin of the Wyoming province, in conjunction with a coeval continental margin arc that may be represented in part by the northern portion of the Farmington Canyon complex (orthogneiss, migmatite, pegmatite). This continental margin arc apparently collided with the Santaquin arc in the mid-Proterozoic (e.g., Nelson et al., 2002) .
The Isua Supracrustals
The Isua supracrustals (Bridgewater et al., 1976) represent some of the oldest supracrustal rocks preserved on earth, with U/Pb zircon dates of 3.71 to 3.85 Ga (Bridgewater et al., 1976; Nutman et al., 1993 Nutman et al., , 1997 Nutman et al., , 2001 Nutman et al., , 2004 . Detailed mapping demonstrates a range in metamorphic grade from epidote amphibolite in the southern zone to greenschist/amphibolite transition in the northern zone. Rocks of the northern zone are not only lower in metamorphic grade, but are generally less deformed as well (Komiya et al., 1999 (Komiya et al., , 2004 Nutman et al., 1996; Myers, 2001 Myers, , 2004 . Komiya et al. (1999) interpret the lower half of the northern zone as a mélange that consists of angular to sub-round blocks of greenstone (including well-preserved to flattened pillow lavas) in a matrix of sheared mudstone. The upper half of the northern unit comprises several thin thrust sheets of basalt (pillow lava ±hyaloclastite) overlain by meta-chert or banded iron formation. The southern unit is a schüppenzone of thin thrust sheets that form duplex structures along layer parallel faults (Komiya et al., 1999) . The thrust sheets general comprise pillow basalt and chert overlain by turbidites of mafic wackes, arkose, mudstones, calcareous sandy shale, and minor conglomerate (Fedo, 2000) . The southern and northern units are separated by a middle unit that consists dominantly of chert with overlying turbidite, similar to the sediments that rest on pillow basalt in the southern unit (Komiya et al., 1999) .
In contrast, Myers (2001 Myers ( , 2004 interprets the entire sequence as a schüppenzone of mafic volcanics and chert. He suggests that the "mafic wackes, arkose, and mudstones" of Komiya et al (1999) are in fact sheared volcanics and that the carbonates are metasomatic in origin, not sediments (Rosing et al., 1996) . In addition, Nutman et al (1996) have shown that rocks within the supracrustal belt span an age range of ≈100 Ma. If this interpretation is correct, then the Isua greenstones cannot be interpreted as a Phanerozoic-style accretionary complex; it does, however, resemble what we might expect to form during Hadean-style symmetrical convergence.
Basalts in the Isua greenstone belt include both MORB and OIB-like compositions. The Isua MORB is enriched in FeO compared to modern MORB and was derived from a fractionated mantle (LREE/HREE < 1) with a potential temperature circa 1480º C (Komiya et al., 2004) . The Isua OIB has a flat REE pattern, suggesting derivation from a primitive source. The occurrence of true oceanic basalts in the Isua greenstone belt, rather the arc-like volcanics characteristic of other greenstone belts, is consistent with modern settings in which true oceanic basalts are found in accretionary complexes -not ophiolites, which represent arc volcanism. It is also consistent with Hadean-style convergence.
Discussion
The recognition of subduction-related accretionary complexes hinges largely on our ability to identify assemblages of rocks that could not have formed together in a single tectonic or depositional setting, and must represent tectonic mixtures of widely divergent rock types. The juxtaposition of discrete blocks of oceanic lithologies that could not form on a passive margin, with a mélange matrix derived from proximal, arc-dominated sources, comprises first order evidence in support of the accretionary complex model. The occurrence of chert blocks in microgreywacke mélange matrix also seems to require physical mixing of rocks from distinct depositional settings and may be proof enough for an accretionary origin. Confirmation of this interpretation requires the discovery of relict high-pressure assemblages that document formation in a collisional or subduction environment.
Hadean tectonics was likely dominated by up-welling thermal plumes and symmetrical sinking of opposing lithospheric plates, consistent with models of thermal convection driven by heating from below (e.g., figure 1 ). Geometric constraints require that any crust generated above these rising plumes (presumably thick, plateau-like accumulations of mantle-derived basalts and komatiites: Arndt, 1994 Arndt, , 2004 Arndt et al 1997a) must be thinned rapidly by lateral spreading as the crust expands radially from the plume-centered plateau (figure 2). This continual thinning of the crust will promote rapid cooling and thickening of the underlying mantle lithosphere, which will also thin by lateral spreading as it expands radially from the plateau. The crust generated above the rising plumes may accumulate and be preserved at zones of symmetrical convergence, especially at triple-plate junctions where excess crust is forced into a descending "anti-plume" (figure 2).
The occurrence of subduction-related accretionary complexes among Archean rocks ranging in age from 2.5 Ga to 2.7 Ga, as discussed above, suggests that Phanerozoic-style plate tectonics was operational by the late Archean, and possibly as early as 3.8 Ga. This conclusion is reinforced by the occurrence of Phanerozoic-style ophiolites with boninitic volcanism in rocks 3.0 to 2.8 Ga (Puchtel, 2004; Shschipansky et al., 2004) . This is consistent with the proposal that Archean greenstone belts represent primitive island arc terranes (Grove et al., 1999; Parman et al, 2001 .
The time period between 3.8 Ga and 3.0 Ga appears to represent a transition from Hadeanstyle tectonics to late Archean Phanerozoic-style plate tectonics. There are no clear examples of Phanerozoic-style accretionary complexes or ophiolites older than 3.0 Ga, but some midArchean greenstone belts resemble primitive island arc terranes (e.g., Grove et al., 1999) . One scenario for how this transition may have occurred is shown in figure 7 : Greenstone-granite terranes accumulate at triple junctions between convergent plates (figure 7a); waning plume volcanism on one plate allows the adjacent plate to expand as the convergence zone shifts toward the waning plume ( figure 7b) ; finally, the expanding plate begins to sink under the hotter, more buoyant shrinking plate to form an asymmetrical convergent boundary (figure 7c). The expanding plate will be denser because it is farther from its parent plume, and because thinning of the overlying crust on the expanding plate will enhance cooling and thickening of its subjacent mantle lithosphere. The onset of asymmetrical convergence will induce passive upwelling of the asthenosphere along linear rifts, transforming the radially expanding plumes into ridge-centered plumes on oceanic spreading centers.
The accumulating evidence for Phanerozoic-style plate tectonics during the late Archean implies that cooling of Earth's mantle during the Hadean, subsequent to the Tartarean magma ocean and core formation, was relatively efficient and rapid. This efficient heat loss may have been driven in part by basin-forming impacts during the terminal bombard around 3.9-3.8 Ga.
The resulting decrease in geothermal gradient and development of a stable thermal boundary layer on the surface allowed the accumulation of sufficient liquid water to cool oceanic lithosphere hydrothermally and promote Phanerozoic-style asymmetric subduction, passive upwelling of asthenosphere, and the formation of accretionary subduction complexes that mixed arc-derived clastic sediments with exotic fragments of oceanic crust.
The loss of heat in response to this continuous thinning of the thermal boundary layer during vigorous convection was apparently rapid enough to cool Earth's surface below 100ºC by circa 3.8 Ga, when we first observe pillow lava and water-laid sediments (e.g., Komiya et al., 1999; Bolhar et al., 2004) and possibly sooner. Wilde et al. (2001) and Mojzsis et al. (2001) have argued that the oxygen isotopic compositions in some primordial detrital zircons require liquid water soon after planetary accretion, as early as 4.4 Ga. Valley et al. (2002) use this same data to argue for a cool early Earth with "continental" type crust by 4.4 Ga; however, they also suggest formation in a "tectonic environment similar to Iceland today" (Valley et al., 2002, page 352) .
Since Iceland may represent our best analogue for plume-related oceanic plateaux in the Hadean, this tectonic setting is consistent with Hadean crustal processes discussed earlier. And studies of zircons from lunar regolith breccias show that granitic rocks need not be abundant for zircon to be preserved and concentrated (Meyer et al., 1996) .
Conclusion
Phanerozoic-style plate tectonics may be recognized in Proterozoic and Archean rock assemblages by the occurrence of (1) oceanic crust or ophiolites, (2) island arc volcanic or plutonic suites, or (3) accretionary complexes formed in asymmetric subduction zones. However, rock assemblages similar to those formed at mid-ocean ridges or in island arcs may also form during Hadean-style convective overturn. In contrast, subduction zone accretionary complexes result from the physical juxtaposition of rock assemblages formed in different tectonic settings, making them unique to Phanerozoic-style plate tectonics. Recognition of these assemblages in the Archean rock record is thus prima facie evidence for Phanerozoic-style plate tectonics. This evidence is reinforced by the occurrence of boninites in the 2.8 Ga North Karelian ophiolites (Shchipansky et al., 2004) and by Phanerozoic-style island arc assemblages in the 2.7 Ga Slave province (Corcoran et al., 2004) .
The increasing evidence for Archean subduction accretionary complexes implies a fundamental change in the thermal structure of the planet between 3.0 to 3.8 Ga that resulted in a mantle potential temperature only slightly higher than that observed today. If the Isua Supergroup is an accretionary complex and marks the onset of rigid lithosphere like today's, the transition from Hadean-style thermal convection driven by heating from below to Phanerozoicstyle tectonics driven by cooling and sinking of lithospheric slabs appears to be coincident with the end of the late meteorite bombardment at circa 3.8 Ga (Ryder, 2000) . An older transition may be suggested by oxygen isotopes in primordial zircons, but evidence for a fractionated mantle at 4.4 Ga is debated (e.g., Amelin et al., 1999; Peck et al., 2001) . The presence of liquid water on Earth's surface does not require lower mantle potential temperatures, but it does limit how high those temperatures may have been.
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